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Abstract 
One potential interaction between environmental and safety goals in transport is found within the vehicle fleet where fuel 
economy and safety impose conflicting requirements on vehicle design. Larger and heavier vehicles have a better secondary 
safety performance during a crash. On the other hand, they are associated with higher levels of fuel consumption and carbon 
emissions. This issue has generated debate amongst researchers and policy makers when formulating policies to improve the 
environmental performance of the road transport system. This research investigates the safety consequences of changes in 
vehicles mass within the vehicle fleet aimed at increasing fleet fuel economy. The estimated relationships between vehicle 
design, particularly mass, and each of carbon emissions and safety performance were used to investigate partial safety and 
environmental effects of changes in mass distribution within the fleet using an incremental approach. Results generally showed 
that the relationship between carbon emission and safety performance in vehicle design depends on the characteristics of the 
vehicle fleet, and in particular, mass distribution. It was shown that an informed change in the mass distribution not only imposes 
no trade-off between the fuel economy and safety goals, but also could lead to a desirable outcome in both aspects.  
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1. Introduction 
Environmental and safety goals in transport can interact in several different ways. One of these potential 
interactions is found within the vehicle fleet where fuel economy and safety impose conflicting requirements on 
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vehicle design. Larger and heavier vehicles have a better secondary safety performance in that they give a better 
protection to their occupants during a crash. On the other hand, they are associated with higher levels of carbon 
emissions. This issue has often generated debate amongst researchers and policy makers when policies to reduce 
carbon emissions of the road transport system are to be formulated. One of the main concerns is the consequent 
effect on traffic fatalities and injuries of a reduction in mass and size of vehicles in an attempt to improve the fuel 
economy and hence reducing carbon emission of the vehicles. 
A thorough review of relevant literature reveals that arguments over the issue of interaction between 
environmental and safety policies has often been made based on either little research evidence on one or both sides, 
or evidence based on research that has inadequacies in the applied methodologies (Tolouei, 2011). Findings from 
some key literatures on this subject are summarized below. 
A report by the US National Research Council (NRC, 2002) concluded that changes in masses of cars and light 
trucks in the US since the 1970s, some of which was due to Corporate Average Fuel Economy (CAFE) standards, 
could have resulted in 1300 to 2600 additional fatalities in 1993. This conclusion was based on an earlier analysis by 
Kahane (1997) where he estimated the effect of mass reduction in passenger cars, light trucks and vans on fatalities. 
Findings from this report were later superseded by applying different analytical techniques to more recent crash data 
where Kahane (2003) estimated a larger fatality increase as mass is reduced for all crash modes. Crandall and 
Graham (1989) analyzed US time-series data from 1947-1981 and found that additional fatalities occurred as a result 
of CAFE standards through estimating an increase in fatalities by a decrease in vehicle mass and by linking higher 
fuel efficiencies to a decrease in mass of new cars.  
The methodology they used is correctly questioned by other studies in terms of the type of data and modelling 
approach used (Noland, 2004) and the time-series period selected (Ahmad and Greene, 2005). Noland (2004, 2005) 
used count data methods and accounted for heterogeneity and other contributing factors to analyze the effects of 
average fuel economy of vehicles on traffic-related fatalities. He examined two different aggregate datasets. Using 
US state-level time-series data, he found that improvements in fuel efficiency were associated with increased 
fatalities in the 1970s, but this effect had largely disappeared after the mid 1980s (Noland, 2004). He also analyzed 
country-level time-series data from 13 countries and found that changes in vehicle efficiency are not associated with 
changes in traffic fatalities (Noland, 2005). Using co-integration analysis and time-series data on US light duty 
vehicle fuel economy and highway fatalities, Ahmad and Greene (2005) found the unexpected result that the 
stationary linear relationship between the average fuel economy of passenger cars and light trucks, and highway 
fatalities is negative meaning that reduced fuel consumption is linked to fewer fatalities. The inconsistencies in the 
results of these studies linking average fuel consumption to the number of fatalities are partly due to the different 
vehicle fleets and different time periods studied. Besides, since the effect of vehicle mass is not controlled for, it is 
not clear to what extent the changes in average fuel consumption are related to the changes in vehicle mass.  
As a result of the knowledge gaps and the uncertainties in the underlying relationships, there are differences and 
sometimes conflicts amongst the results of the studies that have investigated the issue of potential interaction 
between carbon emissions and safety performance in vehicle design within the fleet. Such gaps could limit the 
creditability of research findings on the existence of any trade-off. These gaps are addressed in detail in this paper 
and a methodology is used to investigate the partial effects of a given change in mass distribution within the fleet on 
each of fleet fuel economy and crash injuries and fatalities based on the estimated underlying relationships. It should 
be noted that vehicle fuel consumption rate is used throughout this paper as an indicator of carbon emissions as 
carbon emission rate is directly related to vehicle fuel consumption rate. 
2. Effects of mass on vehicle fuel consumption and safety 
2.1. Vehicle Mass and Fuel Consumption 
Amongst various design features, vehicle mass is a key variable having the potential to considerably affect 
carbon emissions and fuel consumption rate. Depending on the engine efficiency of a vehicle and the energy 
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required by vehicle accessories†, a certain amount of fuel energy is consumed to overcome forces resisting vehicle 
motion during a driving cycle; this is strongly influenced by vehicle mass. In a previous study, the isolated effects of 
vehicle mass and other design features on vehicle fuel consumption were estimated using disaggregate statistical 
modelling of fuel consumption and vehicle design data (Tolouei and Titheridge, 2009). The data used was based on 
officially certified fuel consumption rates for specific makes and models, which are measured under controlled 
driving cycles, vehicle condition and ambient temperature. Use of this data makes it possible to control for the effect 
of the majority of factors that can affect vehicle fuel consumption besides the vehicle design. A number of 
explanatory variables were used in the analysis to control for the effects of different design factors (i.e. mass, engine 
size, frontal area, fuel type, transmission type, and Euro emission standard). 
The effect of vehicle mass on fuel consumption was found to be statistically significant. The modelling results 
confirmed that fuel consumption increases as mass increases. It was also found that the effects of vehicle mass were 
different for different fuel and transmission types. The results showed that the effect of mass on fuel consumption of 
diesel cars is greater than that of petrol cars of the same design in both driving cycles. This could be partly a 
consequence of different characteristics of Diesel and Otto engines and their relationship with vehicle mass. It was 
also found that mass in automatic cars has a greater influence on fuel consumption compared to manual cars. 
Table 1 shows the partial effects of mass on fuel consumption for different combinations of fuel and 
transmission. These effects are calculated for urban and extra-urban driving cycles‡ as the percent change in fuel 
consumption caused by a 100 kg increase in mass when vehicle design and all other contributing factors are held 
constant. The greatest partial effect of mass was found for automatic diesel cars when a 100 kg increase in mass 
would increase typical urban and extra-urban fuel consumption by 4.8% and 6.2%, respectively. The results also 
show that the effect of mass on fuel consumption is greater in the extra-urban driving cycle than, as might be 
expected, in the urban cycle. Vehicle mass directly contributes to rolling resistance; this increases with speed due to 
an increase in the work being done in deforming the tyre over a given time (Heisler, 2002). This can result in a 
greater influence of mass on fuel consumption in extra-urban driving which includes a higher average speed than 
does urban driving. It should be noted that these are the partial effects of vehicle mass on fuel consumption where 
the effect is the result of a change in mass, holding all other design factors constant.  
Table 1: Partial effects of mass - percent change in fuel consumption with 100 kg increase in mass (source: Tolouei and Titheridge, 2009) 
Fuel type Transmission type Percent change in fuel consumption 
Urban cycle Extra-urban cycle 
Petrol 
Manual 2.3% 2.8% 
Automatic 3.3% 3.9% 
Other n.s.a 0.9% 
Diesel 
Manual 3.8% 5.1% 
Automatic 4.8% 6.2% 
Other NS 3.2% 
a The effect is not significantly different from the reference case (manual petrol car) 
2.2. Vehicle Mass and Secondary Safety Performance 
In a two-vehicle crash, the injury risk of occupants in the lighter vehicle is higher than that in the heavier vehicle 
due to the greater velocity change during the collision. For example, in the case of a frontal collision between two 
vehicles with masses m1 and m2 travelling with speeds v1 and v2, it can be easily shown using Newtonian mechanics 
that the velocity change of the first vehicle during the collision (∆v1) depends on the proportion of the total mass 
contained by the other vehicle (m2/(m1+m2)and the closing speed (v1+v2): 
 
 
† Such as air conditioning, lights, audio systems and heaters  
‡ The urban cycle consists of a series of accelerations, steady speeds, decelerations and idling. The extra-urban cycle is conducted immediately 
following the urban cycle and consists of roughly half steady-speed driving and the remainder accelerations, decelerations, and some idling. 
 
262   Reza Tolouei /  Transportation Research Procedia  8 ( 2015 )  259 – 271 
οଵ ൌ ቀ ୫మ୫భା୫మቁ ሺଵ ൅ ଶሻ .         (1) 
There are therefore two aspects of the effects of mass of a subject vehicle on its secondary safety performance in 
a crash with another vehicle: a protective effect related to the injury risk (injury probability) of the occupants in the 
subject vehicle, and an aggressive effect related to the injury risk that mass imposes on the occupants of the other 
vehicles in collision with the subject vehicle.  
Apart from velocity change and driver factors, vehicle size has also the potential to affect driver injury risk. For a 
given Δv, a larger vehicle can give a better protection to its occupants by providing more crush space in the event of 
a crash. Isolating the effects of mass and size has long been an important issue in vehicle safety research. In many 
studies, the estimated effects of mass contain the effects of size as well because of a relatively high correlation 
between mass and size factors. However, there is theoretically a fundamental difference between the effects of mass 
and size. Vehicle mass has both protective and aggressive effects while vehicle size only tends to have a protective 
effect. 
In order to investigate the relationship between vehicle mass, size and secondary safety performance, two-car 
crashes have been studied intensively in vehicle safety research. This is because they form a case for vehicle crashes 
where both protective and aggressive effects of mass are best represented since the closing speed is identical for 
both drivers in the crash. Two-car crashes can also provide insight into crashes between any pair of vehicles and also 
into single-vehicle crashes (Evans, 1994). 
A previous paper used a new methodology to estimate the partial effects of mass and size on absolute driver 
injury risk in each of the vehicles in a two-car crash (Tolouei et al., 2013). In the introduced methodology, the driver 
injury probability is described by a logistic function that includes, for each vehicle involved in the crash, the velocity 
change (defined as a function of mass ratio and closing speed) as well as various driver and vehicle characteristics. 
Because data on the speed of the vehicles prior to the crash is not available, a distribution for closing speed is 
assumed, the parameters of which are estimated in model estimation process. The methodology uses the conditional 
joint injury probabilities in two-car crashes as the basis of analysis to solve the issue related to lack of data on 
crashes where no driver is injured; these conditional joint probabilities are used to form the likelihood function. The 
parameters describing the driver injury probability in each vehicle are estimated by maximizing the likelihood 
function over the two-car crash dataset. 
This methodology was used to analyze two-car crashes in Great Britain. The results confirmed that in a two-car 
collision, the probability of injury of the driver of vehicle 1 increases with speed limit and with increasing mass ratio 
(μ=m2/m1) while the probability of injury of the driver of vehicle 2 increases with speed limit and with decreasing 
mass ratio; that is, in a two-car collision vehicle mass has a protective effect on its own driver injury risk and an 
aggressive effect on the driver injury risk of the colliding vehicle. Table 2 shows the estimated injury probabilities 
for a few examples of frontal two-car crashes. 
Table 2: The effect of mass ratio (μ) on injury probabilities (P1 and P2) in frontal collisions (source: Tolouei et al., 2013) 
ID Vehicles’ mass μ (m2/m1) Speed limit P1 P2 R=P1/P2 
1 m1=1000, m2=1000 1.0 40 0.079 0.079 1.00 
2 m1=1000, m2=1500 1.5 40 0.101 0.043 2.38 
3 m1=1000, m2=2000 2.0 40 0.116 0.025 4.56 
4 m1=1000, m2=1000 1.0 60 0.135 0.135 1.00 
5 m1=1000, m2=1500 1.5 60 0.170 0.078 2.19 
6 m1=1000, m2=2000 2.0 60 0.194 0.048 4.00 
 
Another aspect of the analysis based on the introduced methodology was separating the effect of vehicle mass 
from that of vehicle size on absolute driver injury risks of the vehicles involved in a two-car crash, where vehicle 
size is represented by “vehicle length × vehicle width”. The results confirmed that there is a protective effect of 
vehicle size above and beyond that of vehicle mass. The estimated effects of vehicle size are shown for a few 
examples of frontal two-car crashes in Table 3; the results are reported for crashes with male drivers aged 35-54. 
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Table 3: The effects of vehicle mass (kg) and vehicle size (Length × Width (m2)) on injury probabilities (P1 and P2) in frontal collisions (source: 
Tolouei et al., 2013) 
ID Vehicle’s mass and size μ (m2/m1) Speed limit P1 P2 R=P1/P2 
1 m1=1000   Size1=6 m2=1000   Size2=6 1.0 60 0.145 0.145 1.00 
2 m1=1000   Size1=6 m2=1000   Size2=7 1.0 60 0.145 0.131 1.10 
3 m1=1000   Size1=6 m2=1000   Size2=8 1.0 60 0.145 0.119 1.21 
4 m1=1000   Size1=6 m2=1500   Size2=9 1.5 60 0.181 0.079 2.30 
5 m1=1000   Size1=7 m2=1500   Size2=9 1.5 60 0.166 0.079 2.11 
6 m1=1000   Size1=8 m2=1500   Size2=9 1.5 60 0.152 0.079 1.94 
 
The findings on the effects of vehicle mass, vehicle size, and driver factors were similar for all types of two-car 
collisions; the only exception was the effects of vehicle size in front to back collisions where the data did not show 
any effect of vehicle size above and beyond that of mass ratio.  
3. Estimating Safety and fuel economy outcomes of changes in vehicles’ mass and dimensions 
3.1. Approach 
The characteristics of a fleet of vehicles within a country is continuously changing over time as new cars enter 
the fleet, some become older, and others leave the fleet. Besides, the vehicle usage pattern does not always remain 
constant over time. These changes influence safety and environmental outcomes of the vehicle fleet in different 
ways. One of these key changes relate to the mass distribution of vehicles within the fleet. The effect of such a 
change on overall safety and fuel economy of a vehicle fleet has generated a lot of debates amongst policy makers 
on whether there is a conflict between the overall goals as a result of the trade-off between carbon emission and 
safety performance in individual vehicles design within the fleet which is imposed by vehicle mass. 
The conclusions of many of previous studies that have investigated this issue are based on aggregate analysis of 
several observations over a number of years. Regardless of the limitations in the methodologies used, such analyses 
suffer from a common important problem: the influences of different contributing factors that change alongside 
vehicle mass over time are not fully controlled. Therefore, the conclusions on the effects of changes in the 
composition of vehicle fleet do not reflect the isolated influence of changes in vehicles’ mass on overall fleet safety 
and fuel economy.  
A different approach is used here; the partial effects of a number of hypothetical mass distribution scenarios, 
where the effect is only the result of a change in the mass distribution of vehicle fleet holding all other factors 
constant, on overall fleet fuel economy and safety is estimated. Such estimates are unlikely to be achieved exactly in 
reality as a number of other contributing factors including vehicle ownership and vehicle usage pattern are also 
likely to change over time as the mass distribution changes; however, they provide the necessary basis to formulate 
policies related to the vehicle fleet that aim at reducing overall fuel consumption or the number of crash injuries and 
fatalities where no adverse impact on either side would be acceptable.  
An incremental approach was used that estimates only the relative changes from a base case (for which observed 
data is available) in overall fuel consumption and crash injuries as a result of a hypothetical change in vehicles’ 
mass in the fleet, holding all other factors constant. An incremental approach is consistent with the results reported 
in Sections 2.1 and 2.2 to estimate the partial effects of mass on fuel consumption and secondary safety performance 
(safety performance in the event of a crash), the results of which are used as part of the introduced method in this 
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section. Besides, such an approach includes all the key characteristics of the base vehicle fleet, with respect to which 
the relative changes are estimated.  
A detailed explanation of the methodology used and the assumptions made are given in Tolouei, 2011. The next 
section describes the characteristics of the vehicle fleet used as the “base” scenario; the safety and environmental 
consequences of different hypothetical scenarios, representing various vehicle fleet compositions and mass 
distributions, were estimated relative to the “base” scenario. 
3.2.  ‘Base’ Vehicle Fleet Data 
A dataset of vehicle registration in Great Britain in the last quarter of 2007 was developed (a total of 30,536,224 
cars) that included cross-sectional data on various design aspects of registered makes and models in fleet. This was 
used as the base fleet to investigate safety and environmental consequence of a number of hypothetical mass 
distributions. Although the vehicle registration data included information on many design features of vehicles, it did 
not include data on vehicle mass and size. Therefore, mass and dimension data were extracted from manufacturers’ 
data and were assigned to different registered makes and models in the vehicle registration data to make a sample 
dataset of registered makes and models that included about 73% of all registered makes and models. This sample 
was then used as the basis to estimate the base vehicle mass distribution.  
To examine how well the developed sample dataset represented the full vehicle registration data, distribution of 
registered vehicles by various design features were compared between the sample and full data. The results showed 
a close match between the two in terms of the proportion of registered cars by engine size, body type, fuel type, and 
transmission type. 
Fig. 1 shows the mass distribution of the base fleet. The category with the highest proportion of registered cars is 
the mass range of 1100 kg to 1200 kg (16.3% of registered cars). The average mass in the base fleet is about 1190 
kg. This mass distribution, referred to as the base mass distribution, was used as the reference to examine the safety 
and environmental effects of a number of hypothetical mass distributions that were defined relative to the base mass 
distribution. These are explained in detail in the next section. 
 
 
Fig. 1: Vehicle mass distribution in the sample vehicle data 
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3.3. Scenario Testing 
The relative changes in overall fuel consumption and total number of driver casualties from the base fleet with 
the base mass distribution were estimated. The base data required for the analysis should include cross-sectional 
vehicle registration data (which was explained in the previous section), vehicle distance travelled data, and two-car 
crash data. Ideally, all the base data should belong to the same time period. However, due to lack of such a match in 
the available data, there is a difference of one year between some parts of the base data. While the vehicle 
registration data belongs to the last quarter of 2007, the distance travelled data and two-car crash data belong to 
2006.  
Three hypothetical alternative fleet downsizing scenarios were defined according to their mass distribution. For 
each scenario, two cases were examined. In the first case, vehicle mass is changed but vehicle size is maintained (the 
relationship between vehicle size and mass in the fleet is changed) while in the second case, vehicle size is also 
changed accordingly with vehicle mass (the relationship between vehicle size and mass in the fleet is maintained). If 
μ୆ and σ୆ denote respectively the mean and standard deviation of the base mass distribution, then the following 
hypothetical scenarios are defined. 
 
Uniform fleet downsizing (S1) 
This is a scenario that is generally in favor of fleet fuel consumption and emission reduction policies; however, 
its influence on overall safety has been subject to conflicting and inconsistent arguments. In this study, this scenario 
is defined according to an alternative mass distribution characterized by parameter ω when it is compared to the base 
mass distribution according to the following rule:  
׊݉ǣ ݉஺ ൌ ߱݉஻ ׵  ሺߤ஺ ൌ ߱ߤ஻ǡ ߪ஺ ൌ ߱ߪ஻ሻ      (2) 
where ୆  and ୅  are individual vehicles’ mass in the base and alternative fleet, respectively, and ω  is a 
parameter ranging between 0 and 1 that reflects the proportional reduction in average mass in fleet. Fig. 2 shows the 
resulting mass distribution in this scenario for two example values of ω (0.8 and 0.9) when it is compared to the base 
mass distribution. 
 
Fig. 2: Fleet mass distribution in S1 scenario (ω=0.8 and ω=0.9) 
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As mentioned earlier, two cases are examined separately for scenario S1 according to the relationship between 
vehicle mass and size in the fleet: 
x S1a:  Vehicle size is maintained. 
x S1b:  Vehicle size is changed. 
In the S1a scenario, it is assumed that the relationship between vehicle mass and size is different from that in the 
base fleet and, as a result, cars in the base fleet are replaced by lighter cars of the same size. On the other hand, S1b 
scenario assumes that the relationship between vehicle mass and size is the same as that in the base fleet and, as a 
result, cars in the base fleet are replaced by lighter cars which are also smaller in size. It should be noted that S1a 
and S1b scenarios are only expected to have different effects on driver casualties as it was found that vehicle size 
has a significant effect on injury risk; whilst, vehicle size was not found to have a significant effect on vehicle fuel 
consumption.  
 
Symmetric reduction in fleet diversity (S2) 
Reduction in fleet diversity is generally regarded as a policy in favor of fleet safety; however, there are 
inconsistencies in the methodologies used to quantify its effects. Besides, its detailed effect on overall fuel 
consumption has not been investigated. For the symmetric diversity reduction scenario, the following mass 
distribution is defined which is characterized by parameter θ relative to the base mass distribution: 
׊݉ǣ ݉஺ ൌ ߤ஻ ൅ ߠሺ݉஻ െߤ஻ሻ ׵  ሺߤ஺ ൌ ߤ஻ǡ ߪ஺ ൌ ߠߪ஻ሻǢ     (3) 
where θ is a parameter ranging between 0 and 1 that reflects the proportional reduction in variance of mass in 
fleet. The resulting mass distributions for two example values of 0.6 and 0.8 for parameter θ are compared with the 
base mass distribution in Figure 3. Similar to the previous scenario, the following two cases are examined separately 
for this scenario: 
x S2a:  Vehicle size is maintained. 
x S2b:  Vehicle size is changed. 
 
 
Figure 3: Fleet mass distribution in S2 scenario (θ=0.8 and θ =0.9) 
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Asymmetric reduction in fleet diversity (S3) 
This scenario is similar to scenario S2 except that the reduction in fleet diversity is not uniform. Based on 
whether individual vehicles’ mass are greater or less than average mass in fleet, their mass is reduced according to 
the following rules: 
׊݉ǣ ݉
஺ ൌ ݉஻ ݂݅݉஻ ൑ ߤ஻
݉஺ ൌ ߤ஻ ൅ ߠሺ݉஻ െߤ஻ሻ ݂݅݉஻ ൐ ߤ஻Ǣ      (4) 
where Ʌ is a parameter ranging between 0 and 1. The S3 mass distributions for two example values of 0.6 and 0.8 
for parameter Ʌ are compared with the base mass distribution in Fig. 4. Similarly, the following two cases are 
examined separately: 
x S3a:  Vehicle size is maintained. 
x S3b:  Vehicle size is changed. 
 
 
Fig. 4: Fleet mass distribution in S3 scenario (θ =0.8 and θ =0.9) 
3.4. Estimated Effects of Scenarios 
The estimated effects of mass and size, reported in Sections 2.1 and 2.2, were used to estimate the partial effects 
of different mass distribution scenarios on overall fuel consumption and total number of driver casualties; these are 
summarized in Table 4 (see Tolouei, 2001 for a detailed description of the methodology used). These are the 
estimated effects as a result of a change in fleet mass distribution, holding all other factors constant.  
As it was expected, the most favourable scenario regarding the fleet fuel economy is shown to be the uniform 
downsizing scenario (S1). Depending on the scale of reduction in mass (represented by parameter ω), considerable 
reduction in the overall fuel consumption and hence, carbon emissions can be gained. This will be accompanied by 
no increase in the number of casualties as a result of the change in vehicles’ mass if the size of vehicles is 
maintained (i.e. a change in vehicle design towards using lighter materials). The results on the safety effects of the 
uniform mass reduction are in contrast to those by Buzeman et al. (1998) who found an increase in the total number 
of fatalities as well as to those by Broughton (1999) who found a decrease in the total number of injuries and 
fatalities. 
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Table 4: Estimated effects of mass distribution scenarios on the overall fuel consumption and total number of driver casualties 
Scenario Distribution Parameter 
Size 
maintained? 
Fleet fuel consumption1 Driver casualties 
Alternative
/Base % Change 
Alternative/
Base % Change 
Number 
of KSI 
S1 (uniform 
fleet 
downsizing) 
ω = 0.80 Yes (S1a) 0.960 -4.00 1.000 0.00% 0 
No  (S1b) 1.094 9.38% 352 
ω = 0.85 Yes (S1a) 0.970 -3.01 1.000 0.00% 0 
No  (S1b) 1.068 6.84% 256 
ω = 0.90 Yes (S1a) 0.980 -2.02 1.000 0.00% 0 
No  (S1b) 1.044 4.37% 164 
ω = 0.95 Yes (S1a) 0.990 -1.02 1.000 0.00% 0 
No  (S1b) 1.020 1.97% 74 
S2 
(symmetric 
reduction in 
fleet diversity) 
θ = 0.60 Yes (S2a) 0.992 -0.78 0.989 -1.12% -42 
No  (S2b) 0.983 -1.71% -64 
θ = 0.70 Yes (S2a) 0.994 -0.59 0.992 -0.81% -30 
No  (S2b) 0.986 -1.43% -54 
θ = 0.80 Yes (S2a) 0.996 -0.40 0.994 -0.59% -22 
No  (S2b) 0.989 -1.11% -42 
θ = 0.90 Yes (S2a) 0.998 -0.20 0.997 -0.30% -11 
No  (S2b) 0.992 -0.75% -28 
S3 
(asymmetric 
reduction in 
fleet diversity) 
θ = 0.60 Yes (S3a) 0.990 -1.02 0.995 -0.48% -18 
No  (S3b) 1.005 0.52% 19 
θ = 0.70 Yes (S3a) 0.992 -0.77 0.996 -0.36% -13 
No  (S3b) 1.003 0.28% 11 
θ = 0.80 Yes (S3a) 0.995 -0.51 0.998 -0.24% -9 
No  (S3b) 1.001 0.06% 2 
θ = 0.90 Yes (S3a) 0.997 -0.26 0.999 -0.12% -4 
No  (S3b) 0.998 -0.15% -6 
1 The estimated changes in fleet fuel consumption are based on the assumption that the distribution of makes and models within the 
fleet is not changed. 
 
On the other hand, reduction in the fleet diversity (S2 and S3) was generally shown to be the most desirable 
scenario in terms of safety leading to a reduction in the total number of driver casualties (except scenario S3b where 
in an asymmetric reduction in fleet diversity, the size of the heavier cars in fleet is decreased alongside their mass). 
A small decrease in the overall fuel consumption is also achievable in these scenarios depending on the 
characteristics of the vehicle fleet. A similar safety effect of a reduction in variance of mass in fleet had been 
suggested by some other studies (e.g. Buzeman et al., 1998; Ross and Wenzel, 2001); however, the magnitude of the 
estimated effects are different due the different methodologies used and the different vehicle fleets examined.  
The estimated outcome of the introduced scenarios in this study was a partial effect where other contributing 
factors are assumed to remain constant. This is unlikely to be the case in reality. Vehicle ownership and vehicle 
usage pattern, which change alongside the mass distribution of fleet in the course of time, are important factors that 
could also influence the fleet fuel economy and safety outcomes. An increase in each of the total number of vehicles 
and average distance travelled by vehicles in different fuel consumption categories increases the overall fuel 
consumption of fleet and vice versa. A change in the distribution of vehicles by different fuel consumption 
categories also has an effect on the fleet fuel consumption. On the other hand, an increase in the overall distance 
travelled by cars means an increase in the exposure to the risk of vehicle crash involvement, hence results in an 
increase in the total number of crashes. Further research is required to investigate the effects of vehicle ownership 
and vehicle usage patterns on fuel consumption and safety in fleet; which must be taken into consideration when 
policies aiming to increase fleet fuel economy or improve safety through changes in fleet composition are to be 
formulated.   
It was discussed earlier in this section that a change in mass distribution within the fleet, holding all other factors 
constant, is likely to have a significant effect on the injury outcome of two-car crashes only. Mass of a vehicle in a 
single-vehicle crash with a given speed of impact does not influence the velocity change experienced by the 
occupants in the crash (Buzeman et al., 1998; Van Auken and Zellner, 2005). However, some evidence from the 
literature and findings on the protective effect of vehicle size suggest that in a single-vehicle crash, an increase in 
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vehicle size increases the secondary safety performance of the vehicle. Therefore, the overall safety outcome of a 
change in the size of vehicles in fleet might be different from those estimated based on the injury outcome of two-
car crashes (e.g. a higher safety benefit is expected through the effects on the injury outcome of single-vehicle 
crashes of an increase in the size of the vehicles in the fleet). Further analysis is required to investigate the effects of 
changes in vehicles’ size on the injury outcome of single-vehicle crashes.  
The results generally showed that an informed change in the mass distribution of vehicles within the fleet not 
only imposes no trade-off between the fuel economy and safety goals, but also could lead to a desirable outcome in 
both aspects. However, the effects of some other factors which contribute to both aspects, and tend to change over 
time when mass distribution changes, should be carefully considered.  
4. Conclusions and Discussion 
The partial effects of different mass distribution scenarios on the overall fuel consumption and total number of 
driver casualties were estimated using an incremental approach that estimated the relative changes compared to a 
reference mass distribution. It was found that a 20% uniform reduction in mass of all model variants within makes 
and models in the 2007 British fleet, all other factors including the distribution of makes and models being constant, 
would reduce the overall fuel consumption by about 4%. This could be accompanied by no increase in the total 
number of casualties if the size of vehicles is maintained. On the other hand, it was estimated that a 40% reduction 
in the variance of mass and size in fleet would result in about 6.5% reduction in the total number of killed or 
seriously injured drivers as well as about 1% reduction in the overall fuel consumption. 
These results generally show that the relationship between fuel economy and safety performance in vehicle 
design within the fleet depends on the characteristics of the vehicle fleet, and in particular, mass distribution within 
the fleet.  It was shown that an informed change in the mass distribution not only imposes no trade-off between the 
fuel economy and safety goals, but also could lead to a desirable outcome in both aspects, for example, through 
maintaining mass of the lighter cars within the fleet while decreasing mass of the heavier cars maintaining their size.  
A uniform fleet downsizing scenario was found to be the most favorable scenario regarding the fleet fuel 
economy due to a reduction in vehicles’ mass within the fleet; however, in order to avoid any adverse safety impact 
as a result of the vehicle size reduction, the downsizing should only focus on vehicle mass maintaining vehicle size. 
On the other hand, a reduction in fleet diversity by decreasing variance of mass within the fleet was found to be a 
favorable scenario regarding safety. As it was shown, a decrease in the overall fuel consumption is also achievable 
in this scenario depending on the characteristics of the vehicle fleet. According to the findings in this study, 
increasing the size of lighter cars within the fleet while maintaining their mass on one hand, and decreasing the mass 
of heavier cars within the fleet while maintaining their size on the other hand is the most desirable scenario in favour 
of both safety and environmental goals.  
There are different ways in which the mass distribution of vehicle fleet could change. For example, a change 
could be achieved through a development in the design of the new cars by using various mass reduction 
technologies, which results in a reduction in mass while maintaining vehicle dimensions. A shift in the drivers’ 
choice towards using a different type of vehicle is another way of changing fleet composition and, in particular, 
mass distribution. The following discusses possible policy options to change vehicle mass distribution. It is 
important to note that what follows are only examples and recommendations as formulating new policies is beyond 
the scope of this study and requires further research. 
There is the potential to decrease mass of many vehicles in fleet whilst maintaining their dimensions. As Ross 
and Wenzel (2001) have discussed, there are a number of mass-reduction techniques (e.g. use of lightweight 
materials in design, use of lighter high-efficiency propulsion systems) which could be used by manufacturers to 
reduce the kerb mass of their new car models. Therefore, specific policies could be formulated to encourage design 
of lighter vehicles in the larger vehicle classes by manufacturers.  
An effective policy to promote informed changes in new vehicle design could be through fuel consumption or 
carbon emission regulations that are a function of vehicle size or mass.  For example, China has set fuel 
consumption limits for 16 different passenger car classes according to the vehicle curb mass with all the vehicles 
falling within a class being subject to the uniform fuel consumption limit of that class (Wang et al., 2010). Although 
this policy has resulted in a reduction in fuel consumption rate of Chinese cars since its implementation in 2004, the 
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effect of such a policy on mass reduction within the fleet is unclear. This is due to the possibility that manufacturers 
prefer to increase the kerb mass of the cars falling in the upper ranges of a given mass class in order to move to a 
higher class, and hence, being obliged to meet a less stringent fuel consumption limit. An alternative system in 
which the fuel consumption limits are a function of kerb mass as a continuous variable rather than a categorical one 
seems to be more effective in promoting mass reduction in new vehicle design.  
However, a fuel consumption or carbon emission regulation policy, which is a function of vehicle mass aiming at 
reducing mass of the new cars, would not ensure that reductions in mass are not accompanied by reductions in size. 
Alternatively, such regulations could be designed to be a function of vehicle size. Green (2009) discussed a new 
vehicle taxing policy which is a function of both fuel consumption rate and vehicle size. He argued that such a 
policy removes the incentive to buy a smaller car, which tends to be less safe for its occupants. A similar approach 
could be implemented to introduce fuel consumption or carbon emission regulations that are a function of vehicle 
size (whether as a continuous or categorical variable). This encourages manufacturers to increase the size of their 
new cars in order to fall in a higher class to meet less stringent limit, as well as to decrease their mass in order to 
decrease their fuel consumption and  carbon emission within a given size class. It is important to note that Green 
(op.cit.) recommended vehicle footprint, defined as the product of track width and wheelbase, as a representative of 
vehicle size; however, the introduced measure of vehicle size in this study (the product of vehicle length and vehicle 
width), which was found to better represent the safety effects of vehicle size, is recommended to be used to 
represent the vehicle size in formulating these policies. 
It is also recommended that the findings on the effects of different design features on fuel consumption be 
considered in setting any fuel consumption or carbon emission regulations for the new vehicles (e.g. separate limits 
for petrol and diesel cars as well as manual and automatic cars within a given mass class).  
Vehicle usage pattern plays an important role in the overall carbon emission and safety outcomes of the vehicle 
fleet. Certain policies could also affect the average distance travelled by different types of cars in fleet. Research is 
required to understand the detailed relationships between vehicle usage pattern and each of safety and environmental 
goals in fleet. Besides, making policies to change the observed pattern in the usage of cars requires detailed 
understanding of the effects of contributing factors. While there appears to be a combination of effects, it is difficult 
to entirely separate the effects of driver type and vehicle type on vehicle usage. This is due to the uncertainty in the 
extent to which drivers who choose their car with specific design features do so because of their usage patterns or 
subsequently change their usage as a consequence of their choice of car. Research is required to understand these 
effects fully.  
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